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FOREWORD

This program is conducted by General Dynamics Fort Worth

Division (GD/FWD), with Lehigh University (Prof. R. P. Wei)

as subcontractor/consultant. This report was prepared under

Contract No. N62269-81-C-0268. The program is sponsored by

the Naval Air Development Center, Warminster, PA, with Dr.

E. Lee and Mr. P. Kozel as the project engineers. M. S.

Rosenfeld of NADC initiated the program. Dr. S. D. Manning

and Dr. Y. H. Kim of General Dynamics' Materials Research

Laboratory are the Program Manager and Principal

Investigator, respectively. S. M. Speaker of the GD/FWD

supported the documentation for this Volume (II).

Phase I is documented in two volumes as follows:

Vol. I - Phase I Documentation

Vol. II - Corrosion Fatigue State-of-the-Art Assessment

This report documents the work performed under Phase I,

Task I - Methodology and Data State-of-the-Art Assessment.
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SUl4ARY

The groundwork needed to develop a mechanistic-based

corrosion fatigue analysis methodology for mechanically

fastened joints is documented in this report. This effort

was necessary to assure that the corrosion fatigue

methodology to be developed would be responsive to Navy

aircraft design requirements and to consolidate the existing

corrosion fatigue technology for further development.

Navy corrosion fatige design requirements for metallic

airframes and general design practices for satisfying these

requirements are reviewed and discussed. A critical review

of existing corrosion fatigue models for crack initiation

and for crack propagation is made to determine their

effectiveness and potential. Current understanding of

corrosion fatigue mechanisms and significant variables are

also investigated. Methods are also discussed for extending

the crack initiation and the crack propagation models to

spectrum loading applications.

Based on this investixation, it was concluded that:

1. Q.uratcorrosion fatigue analysis tools, methodology

and design data are Inadequate to confidently demonstrate

Xiii
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aircraft structural design compliance with Navy design

requirements.

2. The corrosion fatigue analysis methodology for crack

initiation and for crack propagation should be developed and

evaluated for mechanically-fastened joints considering at

least the following variables: environment, load spectrum,

stress level, R-ratio loading frequency, and holding time.

3. The stress-initiation life and the strain-initiation

life models are promising for predicting corrosion fatigue

crack initiation under constant amplitude loading. Further

work is required to extend the models to spectrum loading.

4. Hydrogen embrittlement is the primary cause of

corrosion fatigue propagation enhancement.

5. The following mechanistic-based models are promising

for predicting the cycle-dependent component of corrosion

fatigue crack propagation: transport-controlled model,

surface-reaction-controlled model and diffusion-controlled

model. These models need to be further evaluated using the

experimental data to be acquired under this program.

. -
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6. The corrosion fatigue behavior of titanium alloys is

very complex. Therefore, a better understanding of corrosion

fatigue mechanisms may be required before a reliable

corrosion fatigue analysis methodology can be developed for

titanium alloys.

xv
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S CTION I

INTRODUCT ION

According to current Navy specifications [1-11] aircraft

structure must be designed for strength, stiffness and life.

The design must account for the effects of the expected

operating environment and service load spectra - consistent

vith the planned aircraft usage. Corrosion fatigue is

recognized as one of the most important aspects of aircraft

structural design. However, it is difficult to demonstrate

compliance with Navy design specifications for several

reasons:

1. Difficult to realistically define actual in-service

environment and load spectra.

2. What corrosion fatigue tests should be conducted to

acquire reliable design data that will be applicable to the

expected in-service environment and usage?

i
3. Several variables affect corrosion fatigue (e.g.,

environment, stress level, R ratio, loading frequency,

vaveform, holding-time, etc.) and the effects of such

variables may vary depending on .the material. What are the

1
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most significant corrosion fatigue variables and how should

they be accounted for in the testing and the analytical

methodology?

4. Reliable mechanistic-based analytical tools for

predicting crack initiation and crack propagation in a

corrosive environment are lacking.

Fatigue cracking in fastener holes is one of the most

prevalent forms of damage occurring in in-service aircraft

and a primary site for corrosion-related problems. For this

reason, the main objective of the current corrosion fatigue

program is to develop and verify analytical methodology for

predicting the time-to-crack-initiation and time-to-failure

for mechanically-fastened joints in a corrosive environment.

This report provides the initial groundwork for

developing a mechanistic-based corrosion fatigue analysis

methodology that will be responsive to Navy design

requirements. Navy structural design requirements and

practices are reviewed and discussed in Section II. A

corrosion fatigue state-of-the-art review for crack

initiation and for crack propagation is documented in

Sections III and IV, respectively. Corrosion fatigue

variables and mechanisms are examined in detail.

Conclusions for this investigation are summaried in Section

V.

2
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S UTZIO II

NAVY STRUCTURAL DESI 6 REQUIRDEMDTS AND PRACTICES

2.1 INTRODUCTION

Navy structural design requirements for metallic

airframes are briefly discussed in this section in terms of

corrosion fatigue and crack propagation considerations. In

addition, the shortcomings of existing design practices for

satisfying the Navy's requirements and the problem of

accounting for the effects of environment on structural

design are discussed. This section puts into perspective

the corrosion fatigue problem in viev of the present program

goals.

2.2 NAVY STRUCTURAL DESIGN REQUIREMENTS AND PRACTICES

Current Navy general requirements for aircraft design,

construction, and structural integrity are described in SD-

241 (Volume 1) Ell and NIL-A-8860 (21. Specific

requirements for loads/environment, strength fatigue,

rigidity, design verification, and reporting are documented

in the MIL-A-8561 through NIL-A-8870 series specifications

E4-111.
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The current Navy specification for strength and

rigidity, NIL-A-08860, specifies that the operating

environment consistent with overall planned usage and the

effects of the operating environment on the residual

physical properties of materials must be considered in the

determination of allowable strength for design purposes.

Although corrosion fatigue is recognized as one of the most

important causes of failure in Naval aircraft, it is quite

difficult to demonstrate compliance with these

specifications. Problems in demonstrating compliance stem

primarily from inadequate analytical methods for predicting

fatigue life based on the use of full-scale fatigue tests

for determining structural reliability. However, the

testing of full-scale structure is too limited to obtain

statistically valid experimental data because of the cost

and excessive time required for performing tests.

Therefore, laboratory simulated tests are usually performed

on inexpensive and simple structures that contain the basic

constructional characteristics of full-scale structures in

corrosive environments.

The current methodology for Naval aircraft design and

verification of structural integrity has been quite

successful in many respects. For example, to date no losses

of F-14 aircraft have been attributable to structural

4 b
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failure. Indeed, Navy design requirements are built around

a philosophy that the number of permissible aircraft losses

due to structural failure shall be exactly zero.

Additionally, recent aircraft programs have made great

strides in eliminating obviously unsatisfactory design

concepts, materials, and fabrication practices which have

been shown to be notoriously susceptible to corrosion,

stress-corrosion cracking, and/or corrosion fatigue. The

active involvement of "corrosion control design teams" in

programs such as the F-14, F-16 and F-18, provide a process

by which aircraft hardware can be analyzed at each stage

from preproduction through service introduction and beyond.

In so doing, corrosion-prone locations can be identified and

corrected early in the program effort.

Nevertheless, as an aircraft ages, fatigue damage

accumulates at stress concentrations, and the effectiveness

of the corrosion preventive finish system degrades despite

periodic rework. These conditions lead to a dramatic rise

in the maintenance required to repair parts cracked by

corrosion fatigue during the later portion of an aircraft's

service life. Corrosion fatigue problems such as these are

seldom predictable based upon results of the initial fatigue

test article programs. Such test program are conducted in

lab air and simulate the loading experienced by an airframe

!5 I_ _... 1



NADC-83126-6o Vol. II

over two design lifetimes. The main reason for testing in

excess of the expected design life is to account for the

environmental factor. However, the specified test duration

is generally a uniform requirement regardless of the fact

that some parts on an aircraft will be exposed to a more

severe environment in service than others. This

verification practice penalizes those parts which will be

more protected from the environment, while those that are in

more exposed locations may be underdesigned and ultimately

become a maintenance problem. While MIL-A-8860 may require

that influence of the anticipated environmental exposure on

fatigue life be considered, the designer is poorly equipped

to address this requirement properly. The anticipated

environmental exposure profile is rarely defined,

furthermore, there are no specified requirements. Even if

they were available, the existing data base on material

behavior for both complex spectrum loading and load-

environment interaction is insufficient in nearly all cases.

No designer has ever felt comfortable with the task of

devising a fix* for either a corrosion fatigue service

problem or a fatigue test article failure, since a high

level of assurance that the problem will not recur is

usually demanded and only a minimum time period is available

to demonstrate that the Ofix' will work. If corrosion

6
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fatigue behavior - of materials were sufficiently well

understood, an alloy or temper change might be made with

confidence. However, the usual solution at present is to

"beef-up" the part and accept a weight penalty. Service

life extension analysis is another area where problems arise

due to uncertainty in corrosion fatigue analysis. It

depends upon an accurate assessment of service history and

accumulated damage to predict the remaining life and

recommend repairs to extend life.

Airframe designers are faced with many uncertainties in

trying to account for load-environment interactions while

minimizing unnecessary penalties in structural weight.

Because of the large number of variables which must be

considered, the coupon testing required to generate a

complete design data base is expensive and time consuming.

A partial solution would be to conduct the full scale and

article fatigue testing in a simulated naval environment

rather than lab air, but such tests would rarely be either

practical or feasible. Nor can a designer expect to be

consistently successful by identifying and using component

designs which have worked in the past because of the major

differences at the detail level from one aircraft to

another. Therefore, the only reasonable approach is to

provide the structural designer with the tools necessary for

7
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confident prediction of fatigue life under specified loading

and environmental conditions.

Navy requirements for both fatigue life and damage

tolerance [1,2,7] entail different philosophies and analysis

considerations. For example, for fatigue analysis purposes,

the Navy assumes that no flaws exist initially in the

structure other than those inherent flaws produced by

manufacturing. The Navy uses conventional fatigue analysis

methods: (1) to assure that the airframe design will equal

or exceed the specified service life, and (2) to evaluate

in-service maintenance requirements.

Contractors perform fatigue analyses to analytically

demonstrate that the aircraft structure will equal or exceed

the design service life. Such analyses are used to

establish a suitable initial design, to evaluate fatigue

test failures and to assess equivalent fatigue damage

resulting from changes in usage or design.

Fatigue analysis details may vary from contractor to

contractor, but the essential features of the fatigue

analysis approach are typified by the following approach

used by the Grumman Aerospace Corporation (14]:

8
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o Fatigue properties of the material at the root of a

notch, or other stress raiser, are the same as those

found from tests of unnotched specimens of the same

material.

o The effects of the stress or strain history of the root

material, including the effects of residual stresses due

to high load applications, are considered in the

analysis.

o Fatigue damage at the notch root is determined by using

the Manson strain cycling principle [15]. The strain

history at the notch root is correlated to the

surrounding stress field, Stowell's strain concentration

formula [16], and the elastic stress concentration

factor. Neuber's notch sensitivity factor is commonly

used (17].

o Miner's rule is used to predict the cumulative fatigue

damage caused by the applicable load spectra.

Coupon specimens with holes or other stress raisers are

used to generate the S-N data needed to implement Miner's

cumulative damage rule. Constant amplitude tests are
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performed at selected stress levels, stress ratios, and

stress concentrations.

The full-scale fatigue test is typically performed using

a conservative repeated load spectra. According to MIL-A-

8867, the full-scale fatigue test must demonstrate a fatigue

life equal to or greater than twice the design service life.

Results of the fatigue test are correlated with results

obtained from fatigue damage monitoring systems of in-

service aircraft. A transfer function is developed to

relate the cumulative damage predictions to the fatigue test

results and in turn to the in-service damage monitoring

data. Analytical predictions are made to establish

intervals for structural maintenance, repairs and/or

replacements.

Navy damage tolerance requirements are loosely defined

in SD-24K (Volume 1), which simply states that the aircraft

structure must be designed for both damage tolerance and

fatigue life. The purpose of the damage tolerance

requirements is to assure that undetected flaws or specified

damage in the structure will not cause a failure in service

before the damage can be detected and appropriate action

taken to ensure aircraft structural integrity (e.g., repair

or replacement).

10
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The allowable sizes of initial flaws to be used for

damage tolerance analyses are negotiated between the

contractor and the -Navy. Contractors usually develop a

damage tolerance assessment plan, including rationale for

crack initiation and/or initial flaw sizes. This plan is

then submitted to the Navy for approval and/or revisions.

Coupon specimens and constant amplitude tests are used

to generate crack growth data needed to analyze damage

tolerance. Crack growth properties are usually determined

for a baseline environment (e.g., dry air) and for an

aggressive environment (e.g., 3.5% NaCl solution). Test

results are used to determine crack growth rates (da/dN) as

a function of stress intensity factor range, K.

A deterministic crack growth approach based on fracture

mechanics principles is commonly used. The input parameters

for a given crack growth increment are constant, resulting

in a single value prediction. Cumulative crack growth is

determined by summing the crack growth increments. The

following information is required to implement the crack

growth analysis:

o Initial flaw size and shape

I

11t
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o Crack growth law for computing the crack growth

increment

o Retardation model, which accounts for load sequence

effects

o Cycle counting scheme for converting flight-by-flight

load spectra into equivalent constant amplitude cycles

o Log da/dN versus log AK plot for applicable material

and environment.

A critical crack size is defined on the basis of the

material fracture toughness, crack geometry, and stress

level.

Existing analytical procedures are inadequate for

quantitatively estimating the corrosion fatigue life of

structural components in the design stage or for

quantitatively assessing and analyzing the impact of a

particular corrosion fatigue service failure. Without the

tools to make these quantitative predictions, the airframe

contractor has no method to demonstrate compliance with

design requirements that specify a level of structural

durability, or that seek to assure the structural integrity

12
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of fracture-critical parts for the expected service life,

loading and environment. Furthermore, without methods to

demonstrate compliance, rigorous design requirements cannot

be properly established.

The corrosion fatigue methodology to be developed under

the present program will provide a state-of-the-art

advancement in prediction tools. Also, the results of this

program will provide the framework for making further

advances in the development of corrosion fatigue

methodology.

13
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SECTION III

CORROSION FATIGUE CRACK INITIATION

3.1 INTRODUCTION

It is well known that in most fatigue loading, including

spectrum loading, the greatest portion of fatigue life is

spent in the initiation and growth of microcracks (usually

defined as fatigue crack initiation). On the practical

side, this process is quite important, especially for blunt

notches such as drilled holes. Furthermore, this process

has been known to be fundamentally and phenomenologically

quite different from the macrocrack propagation usually

occurring perpendicular to the loading direction. Thus,

linear elastic fracture mechanics approaches could not have

been successfully applied to fatigue crack initiation

phenomena.

The increasing importance of understanding the fatigue

behavior of materials has prompted much interest in the

separate approach of initiation and propagation. This

separation has provided better definition and focus, and has

been beneficial in terms of developing a life prediction

methodology. A substantial amount of *propagation' work has

15
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been directed at quantitative modeling, limited modeling

work for "initiation' is available to date. Quantitative

characterization and understanding for initiation have been

hampered by the complexity of the phenomenon, lack of

understanding, and the inadequate body of available

experimental data. Therefore, the state-of-the-art review

will primarily deal with the mechanism of the initiation

process in this section. The modeling work for initiation

will be described briefly in subsection 3.3. The

discussion in subsection 3.2 will be restricted to

phenomenological understanding of corrosion fatigue crack

initiation.

3.2 STATE-OF-THE-ART REVIEW

Many earlier investigators [18-22] disagreed about the

effect of gaseous environments on the fatigue crack

initiation phenomenon of metals. However, it was widely

agreed that the effect of an aggressive environment on

initiation was generally less than on propagation. Several

investigators [23-27] found that the fatigue crack

initiation process occurred from prominent slip band (PSB)

formation and that this slip-step formation was enhanced in

an aggressive environment. For example, Thompson [231

postulated that cyclically induced slip bands become regions

16
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of high oxygen concentration because of strain-induced

oxygen generation. Dissolved oxygen then prevents initial

rpwelding of developing cracks and accelerates the transition

from slip band to microcrack, thus resulting in early crack

initiation in a corrosive environment. This theory was

later supported by Bennett's observation [28] that water

vapor accelerated the oxidation of emerging slip bands in

aluminum, thus blocking reverse slip. Shen et al. [29] also

attributed their observations of early initiation to the

fact that metal and alloy surfaces are strengthened by an

oxide film, and subsequently, dislocations are accumulated

in the surface region, enhancing the formation of cavities

and voids.

On the other hand, Snowden (30,31] found that fatigue

cracks in some materials (such as lead) initiated

intergranularly in air and transgranularly in vacuum. He

attributed this occurrence to a reduction of grain boundary

energy by absorbed oxygen from the atmosphere. Broom and

Nicholson [18] also postulated that water vapor dissociates

to form hydrogen, which embrittles aluminum alloys and

causes premature cracking. Yet, some investigators claimed

that gaseous environments had little or no effect on

initiation (20-22, 32-35], depending upon material-

environment systems.

17
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The effect of aqueous environments on crack initiation

has been studied extensively [e.g., 36-40]. In general, most

researchers agree that aqueous environments do affect

initiation; however, they do not agree on the mechanisms

involved. These mechanisms can be summarized as follows:

o Stress concentrations at the bases of hemispherical pits

created by the corrosive environment (stress-concentration

pit mechanism)

o Electrochemical attack at ruptures in an otherwise

protective surface film (film rupture mechanism)

o Electrochemical attack at plastically-deformed areas, with

non-deformed metal acting as a cathode (electrochemical

dissolution mechanism)

3.2.1 Stress-Concentration Pit lpchanism

Many earlier investigators (41-46] favored the stress-

concentration pit mechanism, because observation of fracture

surfaces revealed numerous cracks emanating from

hemispherical pits on the metal surface. Pitting of

fracture surfaces undoubtedly leads to a reduction in

18
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fatigue life; however, some materials have been shown to be

highly susceptible to some environments where pitting does

not occur E45,46]. Duquette and Uhlig [471 examined low

carbon steel fatigue-loaded in 3% NaCi solutions and

concluded that no cracking could be attributed to the

presence of hemispherical pits. They observed

crystallographically-oriented pitting on the specimen

surface, yet did not see any fatigue cracks emanating from

the pits. The maximum extent of observed initiated cracks

was equivalent to the depth of the pits with no normal

fatigue cracks associated with the pits. Thus, they

concluded that the pits are a result of corrosion fatigue

cracking rather than a cause.

3.2.2 Film-Rupture Mechanism

Simnad and Evans E45,481 proposed a surface film rupture

mechanism for initiation, which has been supported by others

(49,503. This mechanism involves fatigue steps breaking a

covering surface film thus exposing anodic regions to large

regions of the cathodic film. Spahn [51,523, however found

that some materials could be anodically protected from

corrosion fatigue in buffered acidic solutions; the

protective film apparently does not affect initiation. This

finding led Laird and Duquette (53] to the conclusion that
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even in instances in which cathodic films are pr*sent,

either the stresses are not sufficient to rupture the

surface films or slip band emerges at a low enough rate that

film repair takes place more rapidly than does significant

corrosion damage due to a galvanic couple between emerging

metal and film.

3.2.3 Electrochemical Dissolution Mechanism

Whitman and Evans [54] later suggested that failure is

caused by distorted metal acting as anode and undistorted

metal acting as cathode. They further postulated that very

fine microcracks advanced by a combination of

electrochemical and mechanical action. This mechanism seems

to be the most promising because it relates to a

phenomenological understanding of initiation due to load and

environment interaction (54-59]. During cyclic loading,

fatigue cracks usually initiate at or near singularities on

or near metal surfaces. Such singularities may be coarse

particles or inclusions, embrittled grain boundaries, sharp

scratches, pits or slip bands depending upon microstructure,

material and manufacturing quality [60-62].

Based on the observations of many previous investigators

and the mechanisms described above, the following phenomena
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are suggested for fatigue crack initiation in a corrosion

environment [55,56,63]:

o Persistent slip bands are preferentially attacked,

leading to stress intensification and subsequent early

j| crack initiation.

o Corrosion results in a significant increase in the

density of persistent slip bands, which produce numerous

crack initiation sites.

In summary, the mechanical force from cyclic loads

generates the to-and-fro motion of dislocation along slip

planes, leading to slip steps and microcrack initiation [60-

62,64,65]. Additionally, the preferential electrochemical

attack on the predominant slip planes accelerates the

process of crack nucleation [45,54-56]. This phenomenon,

schematically illustrated in Fig. 1, implies that the

micromechanisms and electrochemical potential should be

considered for corrosive fatigue crack initiation

methodology. From this viewpoint, the model and methodology

for predicting corrosion fatigue crack initiation life must

be developed on the basis of interaction of two driving

forces; cyclic mechanical force and electrochemical

potential.
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3.3 PRELIMINARY MODELING WORK FOR INITIATION METHODOLOGY

Based on the initiation phenomenon described in the

previous section, models for quantitatively predicting

fatigue crack initiation life in a corrosive environment can

be developed. Two mechanistic models can be used; the

stress-initiation life model [64,66-68] and the strain-

initiation life model [69-71]. These models can be modified

for a case of spectrum loading in a corrosive environment

either by the RMS method [e.g., 72,73] or the Palmgren-Miner

linear cumulative damage rule [74,75).

3.3.1 Stress-Initiation Life Model

For blunt notches including fastener hole type, Kim,

Fine, and Mura [66,67] derived the number of cycles to

fatigue crack initiation for constant amplitude loading. In

their study, elastic-plastic micromechanics at the tip of a

smooth ended notch or fastener hole [64,68] was extended to

the cyclic loading case in order to predict the number of

cycles to crack initiation. The number of cycles to

initiation was derived to be a function of effective stress

amplitude, Aveff; notch geometry (circular for fastener

holes), and some measurable material properties such as
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cyclic work hardening rate, Young's modulus and cyclic yield

stress.

The resulting equation for predicting crack initiation

life for a fastener hole is described by Eq. 1.

~ [(F 'I A [Aef f _ 47hz]2 (1)

where each parameter is defined in Fig. 2. Since "An and

the a th are determined experimentally, Eq. 1 is semi-

empirical. Fig. 2 schematically represents the

relationships between plots of log Ni vs. log

2Aaeff - Mth2 ] and those of Ni vs. aefe. Eq. 1

predictions fit the well-known S-N type curve used in

fatigue analysis. Experimental data for supporting this

relationship is compiled in Refs. 64 and 65. The value of

"A" in Eq. 1 is expected to be smaller in a corrosive

environment due to load-electrochemical interaction. In Eq.

1, since the fatigue crack initiation life decreases as "A"

decreases, the "A" value should indicate the severity of the

environment.

3.3.2 Strain-Initiation Life Model

(Modified Coffin-Manson Approach)

Coffin and Manson [69,70] established that plastic

strain-life data could be linearized with log - log
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coordinates. Using data for several metals and alloys,

plastic strain and cycles to failure have been related by

the power-law Eq. 2. Various alloys, including 7075-T7651

aluminum alloy and P-annealed Ti-6A1-4V alloy have been

evaluated [71,76].

Ai a do C (2)
2 2

where Ae /2 - plastic-strain amplitudes
p

2 Nf - reversals to failure (thus Nf cycles to failure).

c - fatigue-ductility exponent

ei- fatigue-ductility coefficient

more recently, increased attention has been given to the

suggestion that the Coffin-Manson type of strain-life

approach works best for strain-initiation life data [77,78],

also verified by many investigators [60,79]. Eq. 2 can be

modified for crack initiation applications by substituting

N i for Nf to obtain Eq. 3. In Eq. 3, the parameters c and

26
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e are determined from plots of Aep vs. Ni instead of Aep

vs. Nf plots.

Alp C

2 - 1f 2i10 (3)

Fig. 3 schematically shows how cyclic strain-life

parameters can be determined from the plots of log of strain

amplitude vs. log of cycles to fatigue crack initiation

(modified Coffin-Manson plots). The total applied cyclic

strain amplitude is the sum of two components, elastic

strain and plastic strain. From Fig. 3, elastic and plastic

strain may be expressed by Eq. 5 and Eq. 6, respectively.

Total strain; A_ Ace LAS W

2 2 2

Elaste strain; he •f (2N ) b (5)

?L stc Strain; Agp , (2N )C (6)
2 f I

These parameters may be determined in a modified Coffin-

Manson type of Ni vs. A. graph, as shown in Fig. 3. Total

strain can be expressed by these cyclic parameters and Ni,

cycles to initiation. Thus,

(n U)b +*a 2,,c

2 £ z I 1
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The parameters in Eq. 7 are expected to vary depending

on the environment, and they can be determined using strain-

initiation life data for a given environment. Then, Eq. 7

can be used to estimate the initiation life. This method is

promising for estimating the corrosion fatigue crack

initiation life of mechanically-fastened joints. The

fatigue crack initiation life is expected to be a major

portion (a 50%-90%) of the total fatigue life.

3.3.3 Application of Initiation Models for Spectrum Loading

The stress-initiation life model and the strain-

initiation life model must be modified for spectrum loading

applications. Two potential methods for handling spectrum

loading are discussed in this section.

3.3.3.1 Root Mean Square Aoriroach

The root mean square (r.m.s.) approach has been used by

Press et al [801 to evaluate load spectra. This approach

has also been used to simulate the random load history for

structural joint [811 and to predict the fatigue crack

propagation in steel under spectrum loading (72). The basic

objective of the r.m.s. approach is to represent the

29 -



NADC-83126-60 Vol. II

spectrum loading with an equivalent constant amplitude

loading that will have the same effect on the fatigue

behavior as the spectrum loading.

The key parameter in the stress-initiation life model

and the strain-initiation life model is delta stress (Av)

and delta strain (A#), respectively. These parameters can

be expressed in an r.m.s. form (731 as follows.

1k 2

- Aa'1  (8)

k 2 (9)

It may be possible to use the r.m.s. approach for crack

initiation application if suitable methods are developed to

account for load interaction effects on the plastic zone

size.

3.3.3.2 Cumulative Damage ADroach

Another technique used to ascertain structural life or

initiation life under spectrum loading and in a corrosive

environment is the cumulative-damage criterion. The
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simplest failure criterion is the Palmgren-Miner Linear-

Cumulative Damage rule, which has long been used by

designers in the aerospace industry. Initiation life in a

corrosive environment can be determined with the stress-

initiation life model as shown in Fig. 4 or with the strain-

initiation life model in a similar manner. Since this kind

of curve is obtained from constant amplitude tests, load

spectra must be simplified to utilize the Palmgren-Miner

rule. For spectrum loading the loads may be distributed

throughout the spectrum in a random manner, but the

resulting spectrum is fixed and thus deterministic. Load

spectra can be simulated in a much simpler format using

various methods [74,75]. Once the number of cycles at a

given stress level is determined, the Palmgren-Miner damage

rule can be used to predict corrosion fatigue crack

initiation life from stress-initiation life or strain-

initiation life data. The Palmgren-Miner rule is

mathematically expressed in Eq. 10.

d - at a given stress lev&L .  (10)

where d - damage at vi

ni - number of cycles at i
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Ni - number of cycles to fatigue crack initiation at ai

and accordingly, fatigue crack initiation occurs when

z2 0

I3 3 Jl .

Following the above procedure, the time-to-crack-initiation

for a given load spectrum can be estimated. The following

information is needed to use this method.

o The number of cycles spent at each given stress

level for a given time

o Stress concentration factor for a fastener hole

or a fastened joint

o Stress-initiation life data or strain-initiation

life data over the applicable stress (or strain)

amplitude range and in the selected environment.

The method described above is useful not only for predicting

fatigue crack initiation life but also for overall life by

simply using a e-Nf type of curve, rather than a-Ni as in

Fig. 4.
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SECTION IV

CORROSION FATIGUE CRACK PROPAGATION

4.1 INTRODUCTION

The purpose of this section is to discuss the corrosion

fatigue (CF) crack propagation problem and to review current

state-of-the-art tools for addressing this problem.

Specifically, the following will be included in this

section: (1) historical background review, (2) CF state-of-

the-art review, (3) critical review of existing models, (4)

effect of corrosive environment on crack retardation, and

(5) load interaction models for spectrum loading.

4.2 HISTORICAL BACKGROUND

With the development of fracture mechanics technology,

increased emphasis has been placed on fatigue crack growth

in many applications since the early 1950s. Since fatigue

damage in most applications was known to result from the

conjoint actions of the cyclically applied stress and

external environment, corrosion fatigue crack growth study

became essential to assure structural integrity, durability,

and reliability, together with optimum structural
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efficiency. Thus, studies of the influence of environments

on fatigue crack growth began in the mid-1960s and have

continued throughout the past 15-20 years. The results from

the various studies have been reviewed and summarized in a

number of papers (82-90], proceedings of conferences [91-

98], and in books [73,99-100].

As a phenomenological understanding was in progress, a

number of important issues that provided a rational basis

for predicting environment-assisted fatigue crack growth

began to crystallize by the early 1970s. These issues

relate to the reported differences in response to frequency

and waveform for aluminum alloys [101-107] and for steels

[108-114], the relationship between environment-assisted

sustained-load crack growth (stress corrosion cracking) and

corrosion fatigue crack growth [85,115,116], and the cause

or mechanism for environment-assisted crack growth below the

so-called stress corrosion cracking threshold, Kiscc

[117,118].

4.3 STATE-OF-THE-ART REVIEW

In the late 1960s, Bradshaw and Wheeler (101,105,107]

showed that the rate of fatigue crack growth at a given

stress intensity level, K, appeared to depend on the product
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of water vapor pressure and cyclic load period

(1/frequency), and suggested that the observed frequency

effect resulted from the time available for the reaction of

water vapor with the newly created crack surfaces. In

distilled water, on the other hand, aluminum alloys were

reported to exhibit little or no effect of frequency

[104,119]. Based on the assumption of no synergistic

interaction between fatigue loadings and environment, Wei

and Landes [120] hypothesized a linear summation model to

predict the corrosion-fatigue behavior above Kjscc for a

high-strength steel. The model considers the corrosion

fatigue crack growth rate above Kjscc to be the sum of the

rate of fatigue crack growth in an inert reference

environment and an environmental component that is computed

from the load profile and sustained-load crack growth data

obtained in an identical aggressive environment. Wei and

Landes [120] could satisfactorily predict the rates of

corrosion-fatigue-crack growth for 18-Ni Maraging steels

tested in several gaseous and aqueous environments based on

this model.

However, even at K levels below KIscc , where the

sustained-load crack growth is not expected to contribute

primarily to corrosion fatigue crack growth, significant

effects of frequency on crack growth rate have been observed

37



NADC-83126-60 Vol. II

and reported for high-strength steels (108,110,112]. The

effects of frequency on crack propagation for aluminum

alloys has also been investigated for constant amplitude

loading [104,119]. Most researchers agree that there must

be a synergistic interaction between environment and fatigue

loading and that this interaction may be the key factor for

contributing to crack growth enhancement below KIscc level.

Accordingly, Wei and Landes' linear summation model is

believed to have only limited applicability for environment-

material systems in which the material is highly susceptible

to the environment. Such examples include high-strength

steels having yield strength greater than approximately 200

ksi tested in distilled water or 3.5% NaCl.

Recent NADC and AFFDL programs [121-123] performed by

Saff et al. have developed a semi-empirical method for

quantitatively predicting crack growth behavior in synthetic

sea water by applying the Wei-Landes' linear superposition

approach to several landing gear steels subjected to various

load spectra. In view of a high susceptibility of landing

gear steels (such as 300M steel) to an environment, this

method was successfully used for propagation life

prediction. However, this method does not directly apply

to all airframe structural materials, most of which are not

susceptible to the environment, since the method does not
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account for the synergistic interaction between fatigue

loading and environment for these alloys.

Based on the recently developed understanding and on

research over the past 15 years, a rational basis for

treating environment-assisted fatigue crack growth has been

suggested [124]. The rate of fatigue crack growth in an

aggressive environment, (da/dN), is considered to be the sum

of three components:

(da/dN)e - (da/dN)i + (da/dN)c + (da/dN)scc.

(da/dN)i  is the rate of fatigue crack growth in an inert

environment, and represents the contribution of *pure*

(mechanical) fatigue. This component is essentially

independent of frequency at temperature where creep is not

important. (da/dN)c  represents a cycle--dependent

contribution requiring synergistic interaction of fatigue

and environmental attack. (da/dN)scc is the contribution by

sustained-load crack growth (i.e., by stress corrosion

cracking) at K levels above Ktscc, and would be a function

of sustained-load frequency, load ratio and waveform.

Existing models for the second term, (da/dN) , considered

to be the dominating factor for crack growth below Klscc
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level, are reviewed in subsection 4. The third term in Eq.

12, (da/dN)scc, follows directly from that for sustained-

load crack growth, which has been well described by Wei

[1253.

Since 1977, when synergistic interaction was identified

to be the major contribution in most applications and a

quantitative basis for treating corrosion fatigue crack

growth was established, phenomenological understanding has

significantly progressed. Through the integrated

interdisciplinary studies [1263 and comparisons of

activation energies for crack growth and for surface

reaction [127,1283, the rate-controlling process for crack

growth for a high-strength steel (AISI 4340) was identified

to be a slow step in the reaction of water/water vapor with

iron and, perhaps, iron carbide [126,127]. This reaction

step is associated with the nucleation and growth of oxide

on the surface, and the presumed accompanying production of

hydrogen (1261. Hydrogen produced by this reaction is

believed to be responsible for embrittlement.

Having identified the rate-controlling process for

sustained-load crack growth for this high-strength steel in

water/water vapor, Pao, Wei, and Wei [129] examined its

implication in terms of environment-assisted fatigue crack
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growth response. Their results indicated that both steady-

state and non-steady-state crack growth response can be

adequately explained in relation to the kinetics of surface

reactions. Based on this success, the integrated

interdisciplinary approach has been extended to the study of

environment-assisted fatigue crack growth response in an

aluminum alloy [130]. This later study expands on an

earlier suggestion by Bradshaw and Wheeler [101,107] that

the enhancement of fatigue crack growth in aluminum alloys

by water vapor is determined by the exposure (pressure x

time) during each load cycle. It has led to the recognition

that for highiy reactive systems, environment-assisted crack

growth may be controlled by the transport of the aggressive

environment to the crack tip. This observation has led to

the development of transport and surface reaction-controlled

models for environment-assisted fatigue crack growth.

Additional verification of the transport-controlled model

has been made also for a hydrogen sulfide-steel system

[131].

Two separate regimes have now been identified, in which

environment enhancement of fatigue crack growth is

determined by the occurrence of surface reaction during one

loading cycle. For alloy-environment systems with *slow"

reaction kinetics (e.g., steel-water vapor system),
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environmental effects are evident at "high" pressures and

"low" frequencies, and crack growth enhancement is only a

function of the surface reaction kinetics. On the other

hand, for alloy-environment systems with "fast" reaction

kinetics (e.g., aluminum-water vapor and steel hydrogen

sulfide systems), environmental effects now manifest

themselves at "low" pressures and "high" frequencies, and

the enhancement of crack growth now also depends on the rate

of transport of the external environment to the crack tip.

The eight (8) orders of magnitude difference between the

rates of water vapor reactions with aluminum alloys and with

steels [126,129,130], and of water vapor and hydrogen

sulfide reactions with steel [131 1 can readily account

for the observed differences in environment-assisted fatigue

crack growth response for these alloys and environment.

Meanwhile, understanding of fatigue crack growth

behavior in aqueous environments is much less advanced. It

appears that almost the same concept of sequential processes

is involved in embrittlement by external environments. The

only essential problem involves identification of the rate-

controlling process. In other words, it is very important

to determine the slowest process in the alloy-environment

systems to be investigated in this program, because this

process will directly affect the life prediction method. A
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diffusion-controlled model has been developed based on the

assumption that there is an ample supply of hydrogen atoms

at a crack tip [132]. Details of this model are given in

Volume I of this report. Since the extent of reactions of

vater vapor with aluminum and titanium alloys is limited,

the assumptions used for the diffusion-controlled model for

an aqueous environment must be carefully examined with the

experimental data provided in Phase I.

To obtain reliable service life predictions

environmentally-induced effects must be properly accounted

for. The existence of a cycle-dependent term and its

frequency dependence has not been fully appreciated by most

of the engineering community. This incomplete appreciation

is reflected in the "indiscriminate" use of "accelerated"

tests and in disregarding cyclic load frequency as a

significant design variable. The impact of this cycle-

dependent term must be recognized and taken into proper

account in the development of realistic design data and in

propagation life estimation. The models developed on the

basis of current understanding of environment-assisted

fatigue crack growth provide a useful starting point for the

development of more meaningful and reliable testing and

design procedures.
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4.4 A CRITICAL REVIEW OF EXISTING MODELS

In this section, the current models for the cycle-

dependent component of environmentally-assisted fatigue

crack growth are reviewed. Included in the discussion are a

transport-controlled model [133,134], a surface-reaction-

controlled model (133,1251, and a diffusion-controlled model

[1321.

Recent fracture mechanics and surface chemistry studies

of sustained-load and fatigue crack growth in high-strength

alloys exposed to gaseous environments suggest hydrogen

embrittlement as the mechanism responsible for the

enhancement of crack growth. The overall crack growth

response, however, is governed by one or more of a number of

sequential processes that culminate in embrittlement by

hydrogen. As shown in Fig. 5, these processes include:

1. Transport of the gas or gases to the crack tip.

2. Sequential processes involved as the gas or

gases react with newly created crack surfaces

to evolve hydrogen (such as physical and dissocia-

tive chemical abosrption).
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Figure 3 Schematic Representation of Rate Processes for
Corrosion Fatigue in a Gaseous Environment
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3. Hydrogen entry (or absorption).

4. Diffusion of hydrogen to the fracture (or embrittle-

ment) site.

5. Hydrogen-metal interaction leading to embrittlement

of enhancement of crack growth (i.e., the embrittle-

ment reaction).

tt appears that the rate control concept can be extended

to the considerations of crack growth response in aqueous

environments. The first step in the sequence described

above is replaced by liquid transport or by the transport of

specific species in solution, and the second step by liquid-

solid reactions described by Eq. 13 for aluminum alloys in a

water environment:

Al-4Al3+ + -

2 A + 32 0-4 A1203 + 6i+  (13)

6i+ 6.

A phenomenological understanding for the diffusion-

controlled process is shown schematically in Fig. 6.
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Modeling for environmentally-assisted crack growth has

been made according to the sequence described above. For

fatigue loading case, models have been proposed by Lehigh

Univ. (LU) investigators for transport and surface-reaction

controlled crack growth. The models are based on the three-

term superposition concept described by Eq. 12. The

specific models for (da/dN)c are as follows:

Transport Controls

r 2

(da/dN) C 4 3 - R / o( 5

* 1436 rf "R)(14)

(da/dN) C (Po/2f) (16)

(da/dN). (p7.6)

f(fl) Rl+R2+1(17)

Iurface Reaction Control:
(da/dW)€

(da/dN)*, a - exp(-kco/2f) (18)

(da/ ft)I X ( k p / f(da/t- - exp(-k 22) (19)

Diffusion Controls

A exp(-G/RT) O (&pos)2, t 1/2f (20)

48



NADC-83126-60 Vol. II

In the transport and surface reaction controlled models,

subscript s denotes the values at saturation, which is

defined as the maximum in environmental effect and

corresponds to the attainment of complete reactions with the

active crack surfaces during each loading cycle. The terms

in Eqs. 14-20 are as follows: f - cyclic load frequency; kc

- reaction rate constant; M - molecular weight of the gas;

No - density of surface sites; Po - pressure of gas in the

surrounding environment; k - Boltzmann's constant; and T =

absolute temperature. E and as are the elastic modulus and

yield strength of the material, respectively. The parameter

P*/ is a ratio of empirical constants for surface roughness

and flow, and appears to be a constant (equal to

approximately 3.8). For the diffusion-controlled model, A -

proportionality constant; GB = binding energy of hydrogen

atoms to a dislocation; R - gas constant; p - pressure; D -

diffusivity of hydrogen; t - time available for reaction;

and o- cyclic yield stress. For consistency, t is again

taken to be equal to 1/2f.

For design applications, it is necessary to assess the

validity and to define the range of applicability of each

model. A considerable amount of experimental support has

been developed at LU for the transport-controlled model.

Some support for the other two models is available; however,
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they must be supplemented by additional data from this

program and others. The range of applicability of the

models is governed by the transfer of control from one rate-

controlling process to another. The environmental

conditions (such as pressure and temperature) that dictate

this transfer of control may be determined, in principle, by

equating (da/dN)c for each case and then calculating the

pressure-temperature relationship for the transfer. For

example, the transfer between transport and diffusion

control is given Eq. 21,

Po" (Cd/C)2 T ep [-(2G, + Ed)/RT (21)

where Ed is the activation energy for hydrogen diffusion,

and Cd and Ct contains terms in the model that do not

involve environmental parameters. In practice, prediction

of the conditions for transfer can be made only if the

parameters in the models are known to be sufficiently

accurate and detailed. Some specific comments can be made,

however, with respect to the aluminum and titanium alloys

and environments that are of interest to this program.

Measurements of the kinetics of reactions of water vapor

with aluminum and titanium alloys have been made at LU under

previous programs. These measurements indicate that these
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reactions are extremely rapid (corresponding to an initial

sticking coefficient of nearly 1). As such, the surface

reaction cannot be the rate-controlling process for these

alloy-environment systems. For gases, therefore, fatigue

crack growth conforms to transport control at (Po/2f) below

the saturation, (Po/2f)s. Typically, (Po/2f)s is of the

order of 10 pa-s. At (Po/2f greater than (Po/2f)s and in

aqueous environments, one w'uld expect transfer of control

to one of the subsequent processes; possibly hydrogen

diffusion. In aqueous salt wate: environments, this

transfer is suggested by GD/FWD data [1321 on a 7075-T6

aluminum alloy as well as others [135,136].

However, the essential problem involves the model

assumption. The model was derived on the basis of

considerations of rate-controlling processes, and do not

allow for other restrictions. The diffusion-controlled

model was derived, therefore, with the implicit assumption

of ample supply of hydrogen at a crack tip. At the present

time, it is not clear whether the assumption of continuous

supply of hydrogen is valid for the case of aqueous

environments, or whether liquid-phase transport might be

rate-controlling. In any case, the pressure term in the

model may have to be replaced or redefined, perhaps by
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hydrogen fugacity at the input surface. Further work is

required to resolve these critical issues.

4.5 THE EFFECT OF CORROSIVE ENVIRONMENT ON CRACK RETARDATION

The effect of corrosive environment on crack retardation

in various materials due to a single overload has been

reported [137-140]. The highlights of the experimental

findings for retardation in a corrosive environment for

aluminum alloys are as follows:

1. Retardation due to the overload was observed to

occur in air as well as in a more corrosive environment such

as 3.5% NaCi solution.

2. In both non-aggressive and aggressive environments,

the amount of retardation (i.e., the number of delay cycles)

was found to be mainly a function of three factors:

Material/microstructure, stress intensity range (AK) and

overload ratio. The number of delay cycles is greater with

higher overload ratio or lower &K.

3. The amount of retardation was less in a corrosive

environment than in dry air for the same AK and overload

ratio. This is attributed to the fact that in the corrosive
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environment fewer cycles are required for fatigue cracks to

propagate through the plastic zone created by the previous

overload, since the crack growth rate is higher in the

corrosive environment.

As explained above, the differences in the amount of

retardation in dry air and in a corrosive environment appear

to be caused simply by a faster crack growth in a corrosive

environment than in dry air. Therefore, these retardation

effects will be readily accounted for in the parameters of

the crack growth enhancement term in the superposition

scheme.

From this point of view, it is believed that modeling

for retardation in a corrosive environment can be

accomplished easily, once the rate-controlling process is

identified for aluminum (or titanium) - aqueous environment

system. Apparently, no well-established method to predict

crack retardation in a corrosive environment exists at this

time.

4.6 LOAD INTERACTION MODELS FOR SPECTRUM LOADING

This sub-section describes various existing models for

spectrum loading to properly account for load-interaction or
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retardation. Each parameter is defined in Fig. 7. Since

details of each model are well described in Refs. [141-146],

only the resulting equations will be described and

discussed.

4.6.1 Generalized Wheeler Model

I 1 %+f ± (22)

if K K Ci 1 (no retardation) (23)

u1 2aKa 4 K C i
am ax

- K O (1/2 (24)

Kmax is the value of maximum stress intensity factor to

create a plastic zone size equal to ZI, and can be

calculated by Eq. 24 using the input information of ILg,

&a, , and ZOL, which can be obtained either from the
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PLASTIC ZONE OF

CYCLE Or

PLASTIC ZONE CAUSED
BY OVERLOAD

op

Figure 7 Plastic Zone Sixes and Notation Used for Load Interaction Models
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calculation for the previous cycle or from the computer

memory. Wheeler's retardation factor, Ci , can then be

obtained by Eq. 23 . This reduction factor, C1 , will

adjust the incremental crack growth for each cycle, as shown

in Eq. 22. If Paris' equation for f(AK,R) is used, AKeff

will be simply (KLax / Kmax )2m/n • AK.

4.6.2 Generalized Willenborg Model

a. 6 (X ffo ff) (25)

(1 0 K. .' -of f K K (26)
(K 2 ) Iff r bed

k") of [ K ie d  (27)

1/2
KI uKOL (I L K (28)
red a" ZoL am

e, K /K [, -K 1 (29)

aK *K 0[K 'L] -K' [K 1'L~ & K (30)

K ". d(31)

R* f f -KT
* ki red
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In the Willenborg model, as generalized by Gallagher and

Hughes (144], the effective stress intensity was considered

to be the applied stress intensity minus the reduced stress

intensity, Kied. K;ed is an additional stress intensity

required to extend the current interaction zone to that

created by the overload, and can be calculated by Eq. 28 .

4 is determined from the shut-off overload experiment for

the threshold condition (for ( 4 ax)eff - (Fax)th a- 0).

It is important to note that A Kff is identical to AK, as

shown in Eq. 30 , while only Reff ratio will be changed

using the effective maximum (minimum) stress intensity

concept, as shown in Eq. 31 . Therefore, this model will

primarily depend on the crack growth function, f(AK,R), in

Eq. 25 . The available equations for F(AK,R) are listed in

Refs. 146-148.

4.6.3 Generalized Closure Model

a + f K,Z) (32)

K-
f(K K C W-= (33)

Re -. 9116 Or (34)

C2o f / Oc V (35)

In the above, Kci is the closure stress intensity, ac the

closure stress, Cfo the closure factor, and C and n the
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crack growth rate constants, which can be determined from

the experiment (145].

4.6.4 Vroman/Chang Model

a fa (Kff .R) (36)

(C (1-R). If It Z, (37)

AK -(K I -A~K
off Um -Kn - [-K1 ) (38)

K I  K oL ( t 1/2 1
-ed ( oL ) -K (39)

where m is Walker 's stress ratio correction exponent for

R > o and q is Chang's acceleration exponent for R<o.

Vroman/Chang's model is essentially a modification of

the generalized Willenborg model, using a Walker's crack

growth equation for R > 0, and Chang's equation for R< 0.

However, there is a significant difference between these two

models. In the Willenborg model, Meff A AK and Reff is
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reduced for the overload (see Eqs. 31 and 28). Therefore,

only the effect of the reduced R ratio on crack growth rate

contributes to the prediction of retarded crack growth. On

the other hand, for the Vroman/Chang model, R ratio is kept

constant, while Meff - AK-Kred, as shown in Eqs. 38 & 39;

therefore, reduction in MKeff results in retardation.

Since the amount of reduction in crack growth caused by

overload retardation was reported to be significantly

greater than that due to a decrease of R ratio,

Vroman/Chang's model appears to be more effective in

predicting crack retardation behavior for spectrum loading.

However, this method still needs to be carefully evaluated

using applicable experimental results.
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SECTION V

CONCLUSIONS

The following conclusions are based on this

investigation:

1. The intent of the current Navy specifications for

achieving corrosion fatigue resistant aircraft structures is

quite clear. However, suitable analytical tools,

methodology and design data are currently inadequate to

demonstrate design compliance and to confidently predict the

performance of aircraft structure in service.

2. The corrosion fatigue analysis methodology to be

developed should include analytical tools for predicting

corrosion fatigue crack initiation as well as crack

propagation.

3. Corrosion fatigue analysis methods for predicting

crack initiation should be developed based on the

interaction of two driving forces: cyclic mechanical force

and electrochemical potential.
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4. Several variables affect corrosion fatigue behavior.

However, the following variables are considered to be the

most important for developing the corrosion fatigue analysis

methodology under this program: environment, stress level,

load spectrum, loading frequency, R-ratio, and holding time.

The effect and significances of preconditioning specimens

(e.g., pretest and presoak in 3.5% NaCl)on crack initiation

and crack propagation should also be investigated.

5. Both the stress-initiation life model [66,67) and

the strain-initiation life model [69,70] look promising for

predicting the time-to-crack-initiation in a corrosive

environment. Further work is required to demonstrate the

models for a mechanically-fastened joint subjected to

spectrum loading and a corrosive environment.

6. The rate of fatigue crack propagation in a corrosive

environment can be considered as the sum of three

components: the rate of fatigue crack propagation in an

inert environment, a cycle-dependent contribution requiring

synergistic interaction of mechanical fatigue and

environmental attack, and a contribution due to sustained

load crack propagation.
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7. Hydrogen embrittlement is the primary cause of

corrosion fatigue propagation enhancement. The cycle-

dependent component is considered to be the most significant

term in the superposition model for corrosion fatigue crack

enhancement below Kjscc. The following mechanistic-based

models are promising for predicting the cycle-dependent

component of fatigue crack propagation: transport-controlled

model, surface-reaction-controlled model and diffusion

controlled model. These models need to be further evaluated

using the experimental data to be acquired under this

program.

8. The corrosion fatigue behavior of titanium alloy is

very complex. Therefore, it may be difficult to develop a

reliable corrosion fatigue analysis methodology for titanium

until basic corrosion fatigue mechanisms are better

understood.

9. Several retardation models are available for

accounting for load interaction effects due to spectrum

loading on crack growth. This includes the following

models: Wheeler E141], generalized Willenborg (142-144],

generalized Closure (145] and Vroman/Chang (1461. These

models need to be further evaluated using the experimental

data to be acquired under this program.

6
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